Abstract In a panel of seven genotypes, 437 expressed sequence tag (EST)-derived DNA fragments were sequenced. Single nucleotide polymorphisms (SNPs) that were polymorphic between the parents of three mapping populations were mapped by heteroduplex analysis and a genome-wide consensus map comprising 216 EST-derived SNPs and 4 InDel (insertion/deletion) markers was constructed. The average frequency of SNPs amounted to 1/ 130 bp and 1/107.8 bp for a set of randomly selected and a set of mapped ESTs, respectively. The calculated nucleotide diversities (π) ranged from 0 to 40.0×10 −3 (average 3.1×
Introduction
Detection of genetic variation in crop plant genomes is an important prerequisite for understanding the genome architecture and to devise strategies for crop improvement. In this context, molecular markers represent an important tool and, hence, have been developed for all major crop plant species. In barley (Hordeum vulgare L.), the full spectrum of molecular markers is available; however, taking into consideration its large genome size (∼5000 Mb), marker resources still need to be enhanced (reviewed by Varshney et al. 2004) . The availability of a large set of expressed sequence tags (ESTs; Zhang et al. 2004 ) provides an opportunity for the systematic development of gene-based molecular markers to further saturate the genetic maps of barley.
Single nucleotide polymorphisms (SNPs) are the most common class and the smallest unit of genetic variation present in genomes (Cho et al. 1999; Picoult-Newberg et al. 1999; Rafalski 2002) . Marker technologies exploiting the potential of SNPs provide the possibility of constructing genetic maps at 100-fold-higher marker density than by other types of DNA polymorphisms. Given the availability of the complete genome sequence information from more than a single genotype, SNP marker density can be determined at a kilobase scale as was shown in case of human (Sachidanandam et al. 2001) , Arabidopsis Torjek et al. 2003) , and rice (Nasu et al. 2002; Feltus et al. 2004) . In contrast, the current genetic maps of crop species like barley and wheat provide a resolution only at the megabase level, and the availability of complete genome sequence data for such species is not in sight in the near future. Because of their high density/frequency and their lower mutation rate compared to microsatellite markers, SNP markers provide a powerful resource for genomewide linkage disequilibrium and association genetics studies, for studying genetic diversity, and for their deployment in marker-assisted breeding (Rafalski 2002) .
Rapid advances in genotyping technologies make SNP markers an ideal tool for high throughput applications in plant genetics and breeding. As a consequence, the identification and mapping of SNPs has been initiated recently for crop species like rice (Nasu et al. 2002; Feltus et al. 2004) , maize (Tenaillon et al. 2001; Ching et al. 2002; Batley et al. 2003 ; http://www.cerealsdb.uk.net/maize_snips), wheat (Somers et al. 2003 , http://wheat.pw.usda.gov/SNP/), soybean (Zhu et al. 2003 ; Van et al. 2004) , sugarbeet (Möhring et al. 2004) , and sorghum (Hamblin et al. 2004) . Also, in barley, SNP discovery and their application in genotyping of germplasm collections (Kota et al. 2001b; Kanazin et al. 2002; Bundock et al. 2003; Bundock and Henry 2004; Russell et al. 2004 ) and a SNP map based on abiotic stress responsive genes (Rostoks et al. 2005 ) have been reported. However, to be most effective, especially for genomewide association studies, the availability of a larger number of SNP markers evenly distributed throughout the whole genome is a prerequisite.
In the present study, we investigated the SNP frequency in the barley transcriptome and developed a genomewide set of >200 SNP markers for barley by relying on allele-specific sequencing and in silico SNP mining in EST databases. About 40% of the mapped SNP markers were converted into cleaved amplified polymorphic sequence (CAPS) markers, providing a cost-effective marker resource more or less independent of sophisticated laboratory equipment or expensive consumables.
Materials and methods

Plant materials
In the present study, all parental genotypes of three doubled-haploid (DH) mapping populations, i.e., Igri × Franka (IF, Graner et al. 1991) , Steptoe × Morex (SM, Kleinhofs et al. 1993) , and OWB Rec × OWB Dom (Oregon Wolfe Barley, OWB; Costa et al. 2001) , were employed (70 DH lines of IF, 94 DH lines each of SM, and OWB respectively) together with cultivar Barke. DNA was prepared as described previously (Graner et al. 1991) .
DNA amplification
To amplify genomic DNA by polymerase chain reaction (PCR), primer pairs were designed using EST sequence of H. vulgare cv. Barke, which are available from the CR-EST database (http://pgrc.ipk-gatersleben.de/cr-est/) as input to the software Primer Express (Applied Biosystems, Foster City, CA, USA). PCR was conducted with genomic DNA of the seven barley genotypes listed above, which primarily resulted in PCR fragments of 350-450 bp of average length. PCR was done in 20 μl reactions as described earlier (Kota et al. 2001b ).
Detection and mapping of SNPs
For identification of SNPs, PCR products were sequenced in both forward and reverse orientation on an ABI 377XL automated sequencer using big dye-terminator chemistry (Applied Biosystems, Foster City, CA, USA). Base calling was carried out using Phred (Ewing et al. 1998) . EST sequences were quality trimmed (sliding windows of 50 bp with a minimal average Phred score of 20) and filtered for a minimum length of 100 bp. In the first instance, after completion of sequence data check for sequencing error, the software "Sequencher" (Gene Codes, Ann Arbor, MI, USA) was used to generate contigs from forward and reverse sequence of each genotype under the following parameters: minimum match percentage, 85; minimum of overlap, 20 bases; and assembly algorithm, dirty data. Doubtful base calls were visually inspected by checking the sequence trace file. Subsequently, contigs for all the seven genotypes were aligned using either GCG pileup or ClustalW (Gribskov et al. 1984; Thompson et al. 1994 ) and checked manually to identify SNPs. Sequence alignments and marker information are available at the website http://pgrc.ipk-gatersleben.de/ barley_snp/. Polymorphisms observed between the parental genotypes of any mapping population were evaluated and mapped by utilizing denaturing high-performance liquid chromatography (DHPLC) assays as previously described (Kota et al. 2001b ).
Polymorphism information content and nucleotide diversity index (π) Polymorphism information content (PIC) value or expected heterozygosity was calculated as described by Nei (1987) using the algorithm
where m denotes the total number of alleles and p the frequency of the ith allele at a genetic locus.
Genetic variability in DNA sequences was measured by the nucleotide diversity index (π), with π ¼ K=L. K is defined by pairwise sequence comparisons as the average number of differing nucleotide sites in a DNA sequence of length L (in bp; Nei and Li 1979) . The standard deviation of π was calculated according to Hartl and Clark (1997) .
Linkage mapping and nomenclature of SNPs markers
Linkage analysis was performed in one of the three mapping populations listed above. One hundred seventeen BIN or anchor markers available on the genetic maps (Kleinhofs and Graner 2001) , as well as additional restriction fragment length polymorphism (RFLP) and simple sequence repeat (SSR) anchor markers recently developed in our lab (Stein et al. 2007; Varshney et al. 2006) were used to prepare a consensus map using JoinMap ver. 3.0 programme using a logarithm of the odds (LOD) score of 3.0 (Stam 1993) .
Mapped markers are coded as Gatersleben Barley SNP (GBS) followed by a four-digit numerical code as locus identifier. Additional information linked to each SNP marker includes the corresponding EST (EMBL accession ID), SNP position, presence of insertions or deletions (InDels), etc., following the recommendations of the Nomenclature Working Group for Human Gene Mutations (Beutler et al. 1996; Antonarakis et al. 1998; den Dunnen and Antonarakis 2000) with some modifications (see ESM  Table 1 ). A brief description on nomenclature of SNP markers derived from ESTs for barley is given below:
1. The presence of a SNP in a given genomic DNA sequence (in the absence of intronic regions) after amplification by using a defined primer set is given by including marker ID (laboratory specific) followed by EST ID (as per public domain, EMBL/GenBank/DDBJ databases) and position and type of nucleotide change in relation to the sequence data of the EST. For example, GBS0001_AL509356.485G>A represents a 'G>A' SNP present at nucleotide position 485 in the EST AL509356 from which marker GBS0001 has been developed. 
Functional annotation
Mapped SNP-containing sequences (SNP-ESTs) were compared to the NR-PEP protein database of June 2005 (Refseqrelease 11) at the Husar, DKFZ, Heidelberg, using the Blastx2 program (Altschul et al. 1990 ), using a threshold value <1E-10 (for details see http://genome.dkfz-heidelberg.de/).
Conversion of mapped SNP markers into CAPS assays
Mapped SNP markers were converted to CAPS markers by relating the SNP position to the presence/absence of a restriction site in amplicons derived from the panel of seven genotypes examined. To achieve this, sequence alignments from the seven genotypes obtained by the program ClustalW (Thompson et al. 1994) were loaded in Fasta format into the 'SNP2CAPS' tool (http://pgrc.ipk-gate rsleben.de/snp2caps/; Thiel et al. 2004) , which employed the Rebase database (version 304, March 24, 2003) containing the recognition sequence information of a total of 235 non-isoschizomeric and commercially available restriction enzymes. Subsequently, a set of 45 restriction enzymes was tested on SNPs-marker amplicons as described earlier .
Results
SNP discovery and frequency
To obtain sequence information for seven genotypes, PCR primer pairs were developed from a set of 710 unigene EST sequences derived from cultivar Barke (Zhang et al. 2004 ). Four hundred thirty-seven (62%) yielded a single amplicon and could be sequenced. Of the remaining, 92 (13%) primer pairs failed to produce any PCR product, and 182 (26%) showed either multiple or weak amplicons and, thus, were dropped from further analysis without further attempts to optimize PCR conditions. A comparison of the amplified DNA sequences to the consensus EST-based sequence from cultivar Barke revealed that 143 (33%) amplicons exhibited greater than the predicted size because of the presence of intron(s) in the target genomic sequence. In total, 163,828 bp of non-redundant sequence data were scanned leading to the identification of 1,257 SNPs with an overall SNP frequency of 1 SNP per 130 bp (Table 1 ). Among these, 1,125 (89%) were rated as common SNPs (occurring in more than one genotype). In the total set of SNPs, transitions accounted for 717 (57%) and transversions for 540 (43%), respectively. This difference is statistically significant (χ 2 =19.18, p<0.001, df=1). The relative value of the characterized SNPs, as it was determined by calculating the PIC of haplotypes based on the seven genotypes, ranged from 0 to 0.85 with a mean PIC value of 0.34. The nucleotide diversity index (π) ranged from 0 to 40×10 −3 with a mean of 3.10×10 −3 (SD=±0.006; Table 1 , Fig. 1 ). Considering only the mapped set of markers (see below), the average SNP frequency was 1/107.8 bp in the seven genotypes analyzed. Similarly, the nucleotide diversity index (π) for these SNPs ranged from 0.05×10 −2 to 39.51×10 −3 with a mean of 4.37×10 −3 (Fig. 1 , ESM The marker segregation data from all three mapping populations (I × F, S × M, OWB) were subsequently used to prepare a consensus map. In total, 220 SNP markers were mapped to the seven linkage groups spanning an overall genetic distance of 1,136 cM (Fig. 2, Expected heterozygosity SNP markers are mainly biallelic, and therefore, their information content (PIC) can not exceed 0.50. However, if combinations of SNPs present within an amplicon are considered as a haplotype, higher PIC values can be expected as the result of the presence of multiple alleles. In the present study, two to seven (average of 3.0) haplotypes were observed per amplicon, giving rise to a mapped marker (ESM Table 1 ). The haplotype-based PIC values ranged from 0.24 to 0.85 (average 0.50), whereas the PIC values for the individually mapped SNPs were in the range of 0.24 to 0.50 with an average of 0.34. Thus, the analysis of haplotypes instead of individual SNPs would be more informative for genetic diagnostics. In fact, approximately 44.1% of the amplicons yielded a haplotype-PIC of >0.50, whereas only four SNPs reached the optimal PIC value of 0.50 (ESM Table 1 ). As an example for marker GBS0546, the detection of 18 SNPs resulted in ten different haplotypes for the seven genotypes included in the analysis (Table 3 ). The PIC value for the individual SNPs, however, was in the range of 0.25 to 0.49 (average of 0.33), as compared to 0.85 at the haplotype level. Keeping in view the importance of informativeness of haplotype analysis, a Average PIC value of haplotypes 0.34 0.50 set of 28 SNP markers, randomly distributed on all the linkage groups (generally representing each chromosome arm), was identified that provides a maximal information content (ESM Table 2 ).
Functional annotation
Since the presented SNP markers were derived from EST, a putative function may be assigned to the underlying genes based on a comparison to a protein sequence database. After Blastx analysis to the non-redundant protein (NR-PEP) database of GenBank (National Center for Biotechnology Information, NCBI), a putative function was deduced for 171 (77.8%) markers (ESM Table 1 ). Among them, 96 (56.1%) markers showed homology to known proteins, 55 markers (32.2%) to putative proteins, 18 (10.5%) to unknown/unnamed proteins, and 2 (1.2%) to hypothetical proteins. The remaining 49 (22.2%) markers did not show a homology to any protein sequence represented by the database.
Development of CAPS assays for the SNP markers
Many SNP detection and genotyping platforms currently depend or rely on expensive equipment or consumables and may result in considerable costs per data point. To allow for a broader application of the presented SNP markers, a set of SNP markers was converted into CAPS assays after identification of restriction enzyme recognition sites. Multiple sequence alignments (amplicon sequences for seven genotypes) for all the mapped SNP markers were subjected to identify potential restriction enzymes for assaying the SNPs. A total of 203 (91.8%) out of 220 alignments displayed at least one potential CAPS candidate when the set of 235 commercially available non-isoschizomeric restriction enzymes was applied to the data set (ESM Table 1 ). As expected, the number of potential CAPS candidates decreased to 128 (57.9%) when only 45 common enzymes (common and relatively less expensive) were taken into account. Subsequently, all the CAPS candidates identified with the 45 restriction enzymes underwent experimental verification, and for 82 (64.1%), the predicted and unequivocal restriction pattern could be revealed (Fig. 3) . In addition, five markers namely GBS0179, GBS0182, GBS0214, GBS0318, and GBS0539 could be assayed as InDel markers, and thus, a total of 87 SNP markers can be assayed as CAPS or InDel markers on agarose gel. These 87 SNP markers were distributed over all the linkage groups and chromosome arms ranging from 10 (2H and 4H) to 14 (5H and 7H) markers per chromosome (Table 2 ). An informative or core set of 28 SNP/CAPS markers exhibiting high PIC values was identified, which is randomly distributed on all linkage groups, and represents most of the chromosome arms (ESM Table 2 ).
Discussion
The present study was undertaken to develop a resource of mapped SNP markers for barley. This was initiated by using the sequences from an existing set of 20,000 unigenes for barley derived from 20 different complementary DNA (cDNA) libraries (Zhang et al. 2004) . Of the 216 SNP and 4 InDel markers placed onto the barley genetic map, 83 markers were converted into CAPS and InDel markers.
Characteristics and features of barley SNPs
The majority of the SNPs were identified by a comparative sequencing approach of randomly selected ESTs. However, to increase the efficiency of SNP discovery by pre-selecting polymorphic ESTs, a database mining approach was used in case of 25 markers (marked in ESM Table 1 ) by using the SNiPpER algorithm (Kota et al. 2003) . By using both of the above approaches, the SNP frequency in barley amounted to 1/130 bp. In different sets Fig. 1 Distribution of nucleotide diversity (π) in barley ESTs. Random ESTs used for allelespecific sequencing in seven barley genotypes (Igri, Franka, Steptoe, Morex, OWB Dom , OWB Rec , and Barke) are represented as dark, whereas mapped ESTs are shown as white columns of barley germplasm and across various loci, estimates on SNP frequency varied from 1/27 bp (Bundock and Henry 2004) , 1/78 bp (Russell et al. 2004 ), 1/131 bp (Bundock et al. 2003) , 1/189 bp (Kanazin et al. 2002) , and 1/200 bp (Rostoks et al. 2005) . As expected, the selection of the germplasm affects the observed SNP frequency, as higher frequencies were observed in studies involving a large number of landrace and wild barley accessions (Bundock and Henry 2004; Russell et al. 2004 ) as compared to those dealing with a smaller selection of cultivated germplasm (Bundock et al. 2003; Kanazin et al. 2002) . In this context, up to twofold differences in SNP frequency were observed between the OWB (1/291 bp) and the I × F (to 1/600 bp) population. A similar variation in SNP frequencies was reported in two different sets of germplasm of maize (Tenaillon et al. 2001; Ching et al. 2002) Fig. 2 A consensus SNP map of barley. A total of 220 EST-derived SNP and InDel markers that were mapped in IF, SM, or OWB mapping population were used together with the BIN markers (indicated in bold). Centromeres, determined by Kleinhofs and Graner (2001) , are indicated by arrowheads. Maps are represented with the short arm on top SNP identification efficiency and leads to generating markers with high nucleotide diversity (Kota et al. 2003) . On the other hand, SNP frequency and nucleotide diversity estimates also depend on both the selection of germplasm and the nature of EST/gene loci used for SNP discovery and data analysis.
While comparing the SNP frequency in barley with the estimated SNP frequencies in other crop species where comparable datasets are available, it can be seen that SNP frequency in cultivated barley (1/130 bp) is equivalent or higher than that of soybean (1/278 bp, Van et al. 2004) , sugarbeet (1/130 bp, Schneider et al. 2001) , wheat (1/540 bp, Somers et al. 2003) , equal to sorghum (1/123 bp, Hamblin et al. 2004 ) but lower than in maize (1/104 bp, Tenaillon et al. 2001; 1/60.8 bp, Ching et al. 2002) . In line with this, the mean nucleotide diversity in barley (3.10×10 , Schneider et al. 2001 ) is the result of a more even distribution of the SNP alleles in the corresponding populations.
Development of functional SNP markers
Although a variety of molecular markers, mainly RFLP and SSR markers, are already available for barley , SNP markers provide additional options because of their abundance and amenability to high throughput 5H 6H [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] approaches. In recent years, SNP markers were employed for estimating the SNP frequency or genotyping germplasm collections in barley (Kanazin et al. 2002; Bundock et al. 2003; Bundock and Henry 2004; Russell et al. 2004; Chiapparino et al. 2004 ) and also a SNP map based on abiotic stress responsive genes was constructed (Rostoks et al. 2005) .
In the present study, the linkage groups 5H and 3H contain the highest number of mapped loci, suggesting the presence of more genes on these two chromosomes. This is in accordance with previous studies in wheat and barley where the highest number of EST-derived markers were mapped on chromosome 3H ) and the homoeologous linkage group 3 (http://wheat.pw.usda.gov/ cgi-bin/westsql/map_locus.cgi; Qi et al. 2004) , respectively.
Evaluation of the developed SNP markers on the basis of allelic frequencies of mapped SNPs in the analyzed genotypes showed an average PIC value of 0.34. In comparison, EST-derived SSR markers showed an average PIC value of 0.45 Varshney et al. 2006 ). Nevertheless, it should be noted that the PIC values calculated on the basis of haplotypes rather than individual SNPs were about 1.5 times as high (results not shown). Thus, the information content of SNP haplotypes observed in the present study is comparable to the information content of EST-derived SSR markers. In this regard, the utilization of the core set of highly informative markers (average haplotype PIC=0.74) should prove useful for diversity studies and other applications. However, the complete exploitation of the haplotype information would require the development of assays that are able to interrogate all SNPs contributing to a haplotype. Using the technology presently available would increase the cost of genotyping, relative to the analysis of single SNPs, as each haplotype was defined by 2-12 SNPs. However, in the light of the ongoing advancement of DNA sequencing technologies, re-sequencing is expected to get increasingly cost efficient to recover haplotype information in the future even from large number of accessions.
Furthermore, the present set of EST-based SNP markers represents a useful resource to be deployed in related cereal species. In this regard, 48 ESTs from the present set were utilized for SNPs discovery, genetic mapping and diversity assessment in rye ).
Practical utility of SNP markers in barley genetics and breeding Originally, before large parts of the transcriptome of crop species became accessible in the form of ESTs, molecular markers, e.g., RFLP, RAPD, SSR, or AFLP, were developed from anonymous genomic DNA (summarized in Varshney et al. 2004) . Results from such molecular markers obtained independently for diversity analyses were not essentially similar (Russell et al. 1997 ). In contrast, the different classes of functional gene-based molecular markers yield similar or comparable results and, for example, reveal similar groupings of the genotypes in germplasm screenings (Kota et al. 2001a; Graner et al. 2004; Russell et al. 2004 ).
Because results obtained from SNP markers can be described in an alphanumeric manner according to the four nucleotides (generally in binary fashion), their documentation is simpler and more straightforward than for any other type of markers. With the present state of knowledge, SNP markers seem the best for meeting the requirements for marker-assisted management of genetic resources in genebanks, as well as for diversity studies and marker-assisted selection in breeding programs. Furthermore, SNP markers, depending on the assay, can also be used for the quantitative assessment of allele frequencies in populations.
One of the limitations regarding many applications of SNP markers in plant genetics and breeding is that most of the presently available SNP assays rely on expensive, specialized equipment and chemicals. The conversion of SNPs to CAPS markers provides, as shown in this study, an opportunity for widespread applications also in laboratories equipped with simple infrastructure facilities.
Although the employed SNP2CAPS tool ) suggested a putative restriction recognition site for 91.9% (203) of the markers developed in the present study, only 128 markers were finally selected for verification in wet lab experiments because, for the remaining possible cases, only rarely available and/or relatively expensive restriction enzymes were predicted to be used. Out of these 128 markers, only for 82 markers (∼64.1%), unequivocal and mappable restriction patterns were observed. This decreased success rate can be attributed to mainly three different issues: (1) Depending on the presence of sequence ambiguities (recorded as "N" in sequence alignments), the SNP2CAPS tool may erroneously predict a non-existing restriction site , which reached in the present study about 10% of false positive CAPS candidates. Taking this into account, out of 128 marker-enzyme pairs, we expected to get good prediction for about 115 markers.
(2) Furthermore, ten markers (7.8%) displayed restriction patterns too complex for unequivocal differentiation of alleles. (3) In the remaining cases (17.8%), either the critical restriction site was located too closely to the borders of the PCR fragment, or it was too close to a second restriction site not allowing for satisfactory resolution of the polymorphic DNA fragments on agarose gels. Nevertheless, the successful design of 87 marker assays (CAPS and InDel) points at the feasibility to exploit highly informative SNP markers (average PIC=0.34) at relatively low cost for low to medium throughput analysis, reaching from diversity studies to genetic mapping and marker-assisted selection in breeding programs. Hence, the relative abundance of SNPs in the barley genome and the availability of a comprehensive collection of ESTs generally offer the possibility for constructing a saturated SNP map that will significantly improve the marker based access to the barley genome.
Integration of genetic and physical maps
In addition to being used for diversity studies, trait mapping and marker-assisted selection, EST-derived SNPs markers will represent a crucial resource for the alignment of BAC contigs and genetic maps. Given the uneven distribution of genes in the barley genome, PCR-based screening of BAC libraries using the available EST-derived marker resources provides a possibility to sample the gene space . If these markers were previously mapped, the corresponding BACs are automatically connected to the genetic map, thus, establishing the link between sequence and trait information. Evidently, many more EST-based SNP markers will be required for systematic sampling of the gene space. Therefore, efforts are underway to significantly enlarge resource of mapped SNPs (Rostoks et al. 2006 ).
